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The preliminary report that forms the basis for this series of papers
was concerned with yellew fever' virus growth in various tLmie. culturesystems

Sensitivity compriosa those factors concerned with the initjation of
the infectious cycle at minimum multiplicities.

Capacity refers to the miaxiium detected virus concentration resulting
from multiple infectious cycles.

"ABSTRACT

A number •of primary and established tissde cultures were examine& for
their susceptibility to yellow fever virus, with-the.most intensive study
directed to HeLa cells. The following resultsqwere obtained: Of those
cultures that were susceptible, three different patterns of-dose response
were obtained' that were interpreted as different possible mantfestations
of interference. HeLa cells, which were among the least-sensitive to low
infection multiplication, h~ad the greatest capacity (highest yields).

Subjecting cultuIres to wash cycles betwien 15 minutes and 2, hours
post-inoculation increas~d the sensitivity. (detectable virus) of such-
cultures'100-fold, increased the tate of virus multiplication, and had-'
no effec~t on the peak titer (capacity). The HeLa cultures werd found to
be composed of different (morphological) clonale typteL. Three of these
that wereýstudied were all susceptible, comparable in capacity, but varid
in their sensitivity.
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I. IN1•RODUCTION

The first study concerned with yellow fever virus in a tissue culture
system was reported by Haagen and Theiler2 in 1932, Of the various tissues
that were surveyed for their susceptibility to the Yrench (neurotropic)
strain, chick embryo tissue proved to be most susceptible. In 19a.6 Lloyd
and colleagues3 * indicated that-minced mouse embryo tissue would support
-growth.of the Asibi strain of yellow fever virus ik pantropicstrain> and
'that chick embryo tissue would not. Eagle et all( in 19A& reported that a
cell line (KB), derived from- a-humgn epidermoild arcinoma of the floor of
the,-zouth, was susceptible to yeflow fever virus. Hallauer? in 1959 has
since confirmed the susceptibilfty of DB cells to Asibi strain virus.

The purpose of this paper is to report on the various tissue cultures
that support the growth of Asibi strain virus and to point out factorsthat infiuence the rate of growth pf this viru4 i- one such -cell- culture
system.

.11. )IETODS

A. V IRUS STRAIN

The Mibi strain of yellow fgver virus as a 1OZ stckling mouse brain
suspension was obtained through bhe courtesy of Dr.i Max Thei1er of the
Rockefeller Institute of Sedical-Resiarch. The second of two monkey
-plasma transfers and-a final mouse brain passage-were used for the prepa-
ration of mnater and st-ocICseed pools, respectivel-y, the latter- hiaving
a'titer of. 1-6.5 mouse intracrantil (MIC) LD5 •/gm of mouse brain." In-

-- fection of monkeys with the stock-seed virus indicated that tfie virus had
retained its established visc~eotropic characteristics. '

B. .,TIS$UE CULTUESW

Varti" Ponolayer cultures, prepared from pifimary tissues and estab-
lished cell lines, were. propagated in the yeast extract proteose peptone
no, o3 medium of Mayyasi and Schurrmans.6 Primary tissues used Were monkey
spleen, liver, heart, lung, and kidney, The established xell line cultures
and their sources are listed iin'Table I.

C. WASH TTMNTS

To insure the dilution- of cellular and/or viral material after infec-
tion, a T-60 flask was subjected'to four alternating cycles of removal and
addition of medium, The removal was effected by asporation; the addition
comprised a 20-m. volume of fresh medium. A total-6fO80_millilitera per _
f task wereaempvyedUin thewash-tfratment procedure.
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T ia ue Culture Source

Human heart (HH) Girardi et al (1957)10
Human (embryo) lung (EHL) Ilenle and Deinhardtd (1957)11
Human cervix (HeLa) Shoeror et al' (1953)12
Swine kidney (PK) Harris (1959)-1
Mouse lung (AHL) Isolated in our laboratories
Bronchosarcoma (MABEN) Frisch et al (1955)4
Mouse.,fibroblast (L) Sa4iford et al ( 1 9 4 8 ),!

Do MOUSE TITRATION

The virus was titrated in Swiss albino mice and inoculated intra-
cranially with 0.03-ml quantities of serial tenfold dilutions of virus.
Tnn mice were used for each dilution. The MICLD5 0 endpoints were calcu-
"lated by the n•thod of Reed And Mutnch" and expressed as the concentration
of virus contained in one milliliter. The deaths that occurred between
the third and the fourteenth dayb, inclusive, were usp4•4ppthe final-

calculations.i

III. -RESULT9

A. STABILITY Or VIRUS

.Since evidence for the growth of virus in tissue culture was to be
based on •ncreases in infectious activity contained In successive super-

natant fluid samples, it was neoessary to detexmine to what extent the-
tissue culture environment was deleterious tothe infectious virus popu-
lation. Thus, the'inactivation of Asibi virus in tissue culture media at
370C was tested.

Asibi strain virus'was..suspended in either medium 1998 or yeast extract
proteose peptone mediumtP; each of these media was supplemented with 20 per
cent horse serum (HoS). Final concentrations of virus were adjusted to 104
MICLD- 0 /ml. All cell-free fluids containing virus were placed in a water
bath at 37*C and sampled at two-hour intervals for eight hours.

C-%
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Th' renults nhownd that both basal iedla were deleterious to the virus;

hcwever, the incorporation of 1Mý appeared to retard markedly the very
rapid titer decline. The ra~a of inactivation in either of the :tiedia sPup
ploamntod with HoS approximated onn log of infectious virus par four hours,
which was comparable to the findings of Fox16 with the 17D strain under
similar conditions.

B. SOREENLNG OF TISSUE CULTURES

The first experiments were designed to test various tissue cultures for
their susceptibility to the Asibi strain of yellow fever virus. Monolayer
culture preparations were inoculated with virus and incubated at 37'C'for
six days. Paired tissue cultures were inoculated with 162 orv 104 MI=D•5(
doses, rdspectively. Samples were removed daily and titrated in mice.

I .Data that show the day post-inoculation when maximum virus titers were
"obtained0are found in Table 11. These results indicate that peak virus
titers, under these conditions, occur at the 104 to 105 M.ICI 5D5 0 /ml level
in all susceptible cell populations tested, with HeLa the only exception.
/'HeLa showed no detectable virus growth after inoculation with the-low
dose, althoifgh titers as high as 107 MLCLD 5 0 /ml were obtained after in-
oculation with the high dose,. Results of many trials'with HeLa cells
inoculated with Asibi strain virus showed that peak virus titers ranged
between, 106 and 100 M1CL 5 0 /ml with_ the-4 inoculum; zhe 102- dose,

-h-owever,,always remained undetectable throughout the six-day perioa.

'TAIzz uI. SCR ENfING OIF TISSUE CELLS~ FOR THEIR
SUSCEPTI3ILrTYrT0 YELLOW FEVER V1RjP ..

Tissue PeakTiters
.• Cultures]L/ After Infectin With.

1O ICTD 5 p/mI

Mouse kidney - 3 .Ot (4d)1./ 4.1. (2d)
Dog kidney' 2.9 (2d) 4.5 (4d)

~Duk( FWng) Fibr. 4.8 (2d)
Ouse Fibr,) -5.0 (5d) 3.4 u(ý2d)-

SMouse- Lung 4.;$ (.5a) 3.6 (-3d)
Human Annion 3.3 (4d) 3.9 (6d)
Human 'ung (Emb.) 5.8 (4d) 5.2 (5d>
Human Heart 2.9 (4d) 5.4 (3d)
SWine Kidney (PK) - 3.5 (2d) 5.9 (3d)

HeLa <2.0 (6d) 7.0 (6d)
HeLa (7th Passage Virus) >8.0 (3d)

a. Monkey brain, heart, lung, liver, spleen and kidney
(prtmary cultures) and Guinea pig lung, Human liver,
and Maben (stable lines) iete insusceptible.

h. Lo0 10 .1- - -
- Day peak..... i



Monkey tiodue culturna wore prepared an 'Mait land-type culture awithodt
the aid of trypain. Virus-multiplication could not be detected in either
the supernatant or the tissue fractions following inoculation. Virus Eulti°
plication was also undetaeced in trypsin-troated monolayor (cell Cultu-'es of
Maben and primary chick ambryo calls. Mibroscopic examination of all cul-
tures inoculated with the Asibi strain of yellow fever virus were negative
for cytopathic, atffects.

Wheai the data were grouped according t-o rates of virus growth initiated

by Ito and high inocula, two general patterns were observed and af third
indicated, only the HeLa coli (Figure. 1).

C. -PATERN I

Peak titers were found to be proportLonal to the virus concentrati~on
in the inoculum. Kidney tissue cultures of s~winea' mouse, and dog, and the
heart and amnioh human call lines conformed to this pattern type.

D'. PA'rSERN II

Peak titers produced Were inversely related to the virus concentration
contained in the inoculum. Established lung-cell cultures of the human,
the vtou-a- and -the L cell line respondedI to tde V-ir-us in thri-manneri.. The--
configuration indicated by this type of virus growth suggested that auto-
interference waii responsible for the results, inasmuch as the greater
inoculum served only- to maintain aj. more -or less static viral concentration.,
while the more dilute Ainoculum resulted in significant Anereases during
the sixaday period of incubation..

E. PATTERN III

A marked dose response,-which was associated only with the HeLa cell
culture, ranged from the maximum yield (Table I) to u detectable virus
concentrations (Figure 1) following inoculation of 10 and 102 MIC1D5 0

-doses, respectively. Thus, Hela was shown to have the greatest capacity
'lability to produce maximum virus Poncentrations) and yet the least senrsi-
tivity (ability to be infected at minimum virus concentrations) when com-

pared With all other susceptible tissue cultures employed in these studies.

The slow rate of virus multiplication, however, was evideft in all
patterns when compared with that of a member of the group A arthropod-
borne viruses, i.e., Venevuelan equine encephalozayelitiu (VEE)' 7 under
similar conditions. The possibility wan considered that the apparent
slow rate of Asibi virus multiplication was due to its rapid rate of in-
activat-ion, which may conceivably have masked growth rates comparable with

<'2
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Figure 1. Patterns of G~rtoh of Yellow Fever Virus,
Asibi Strain, in Various Tissue qultures.
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those reporteC fpr the-group A arthropod-or, ire-U-' Hovr,..
virwU arowth rates evt-u in patt4orn I appe•ar.to ndicate some &egee ofr
inhibition; inasmuch as peak virus concentrations aaiievcA with the lo-
dose were significantlyi less than these obtained with the hig, doe.
The reciprocal relationship in the d a-rGarponao curve of patterh II
has bean accepted aq a "classic" exaiple of a't'o Interfereuce,

"With respect to pattern 1Ii, howevor, it wes of Especinl intenrest that
HoLa cells were apparetntly insensitive to low doses ('102 Iýcw. .. , a!.-
though their capacity to produce hfgh virus titern when infected -4h tL;
high dose (104 MICLD 50 ) was better, than that of all other cell lines
tested. Fxperiu-nts detailed in a later section show that the apparent
insensitivity of HeLa cells to the lo N.irus dose wds dteto go!e type
of interference.

If an interfering or inhibiting substance were present in theýinoculum
or cells could its concentration he reduenrdby refpated washing? A fieLd.
cell culture that was subjected to a single., post-inoculation- wash treatment
with 104 MICLD5n was compared with an nnwashed similarly inoculated .culture
Results are expressed graphically (Figure 2) and -indicate that with 104
MICLD50 the rate of virus growth', from the time of inoculation until the

lattainmvent of peak titerr, was related to the wash cycle during the early
phase of virus growth. Peak titers we're obt~ained from' the culture treated
with a single was4 cycle in about half the tire necessary for the un-
waihed tulture. It Was foin4 in further experiments that no effect due
to'wanthing.was observed beyond two hours post-inoculation6

In view of the results shown in Figures I and 2, an experimunt wast
n.xt 'dosigned to test the effect of washing on the sensittvlty and capacity
of the HeLa cells., ,Five HeLa cell flask cultures were subjected to a.pre-
inoculti6n wash cycle". Each culture was inoculated with a one-milliliter
dl.tftion of Asibi strain virus. The dilutiuns ranged in tenfold increments
£rom 10- through i0- 5 M1CW 50. All ctkure~s were incubated at 3700, "tnd
one .hour lat-er the excess inoculum was removed by washing. Stfpernatant
fluids were removed -from all culteures every 24 hours, and the cells washed,
with fresh medium, The supirnatant fluids ffor. the:e's culturen and a HeLa
cell culture inoculatad with 104 MI.L50, but subjectedjto asingle post-
itio.ulation wash treatment only, were titrated for virus content at' daily
intervals,

S iSaplm§ 6btained from HaeLa cell tulturew--'siubjected to repeated washes
pro- and post-inoculatoio throughout the. six-day period wera titratod
(Figure 3), -Thesad curves sh&,ct1 that repeated washing, pro- and post-
•inoculation, increases the sgngitivity of HeLa cells 1O0-fold, so that.oan
inoculum containing 102.2 14LCW 5 0 could be detected. No growth occurred
with a 101.2 inoculum. Tho capacity -of HaL& calla in trras: of vlrue
yields was uthchanged whether or not a wash cycle was performed (Figure 2),.
The size of'the inoeulum haW no effect on uapaefty, nor on Mtti rate of
virus..multIplItation, but as with other vi"russ, multiplication started
earlier and madhndapenk earlier with the highest inoculu.
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F. SUSCuPEh]ILITY OF CL0-ONL• OF HaLa CEL!T -

-Tests were made to determine whether Uema cell culturen consist of a
maiyed population of varying susceptibility. Efforts were, therefore,
directed toward obtaining differuet clonal types of cells and then to
determine the rate of virus growth in those various clones. The parant
HeLa population watj cloned according to the .rpthod of Puck.,ýt •L].; 01-
ploying the yeast extract protnose peptone used in oarlier experiments.
.Four morphologically different clonal types were observed in the fir-st
cell transfer. After clones were carried through two additional trin't-fe'-s

. insure relative homogeneity (Figure 4) they ware characterized as
follo-ws:

1. Clone A

Characteristically, this clone was of densely packed small cells
that tended to grow lzturally and vertically relative to the platijg
aurface. Macroscopically, the clone hkd•.the appearance of an opaque white-
buttons Clones of this type represented approximately 40 to 45 per cent of
the population,

2. Clone B

Cells ýhat comprised this-.lon".were less -densely 'packed than in
clone A. The clone was comprised of large cells that tended to gro
laterally over the plating surface, Macroscopically, this clone enoom-
prosied a larger area and was neither as opaque nor aa- convex as clone A.
In addition, the frequency of inolat-on-was usually 0.L that of the clone
A type and thus represented about four to five per cent of the popalation;

3, Clone C

Cells of this clonal type were sparsely scattered large cetl;,• .
usually polar-connected, that spread eccentrically over the plating, uif'
M4acroscopitally, ,this clone appeared to be translucent, -In normal paient
populations of HeLa, clones of this type were igolated with difficultfl',n.
represented about one to tw-o, per oent of the population,

4, 'Clone De

Microcgopic examination.of ceils of this clone showed Che~m -to b
relatively large and so thin that they were difficult to dete4{ti: They
had no defined spatial arranaeeent. Unstained clones were ntipt. JlibIA-
macroscopically, and transfer had to b6 effoeted with the ai4 ' a Q ,
scope or by staining with neutral red. Clones of this type vere Moai.t
abundant and represented 45 to 55 per cent of the population.
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Clons A, fl, ad. D gron in T-O0 flasks were tested f6r differezces in
susceptibility to Acibi strain virus. All flasks were inoculated with 104

MICLD50. of Asibi strain virus and incubated for Aix days at 370C. T.he
cultures were not subjected to pre- or poat-inoculation washocycles. Tho
results of, titraeion with 0.5-ml daily samples indicated mark•d differernc"
ber.een the clones (Figure, 5).

Clor•m A and D ahawad varying legreea of response to infection, whtch
was rdtlected as an inability to demnonstrate virus murltiplicat!ion durTIn
the first three days of incObation. No virus was detected until the 120th %
hou-s in c6lls of clone A and 96 hours post-inoculation in clone D. On
the other hand, cons•der)kbI virus yields were obtained with clone 9
th oughout the firat three~day period, even though no effort was made to
reduce the effects of. interlerence. The peak virus growth in clone B
-occurred in hAU the time observed for the unwashed and uncloned cell,
population, Di)fferences with respect to' time were observed when one
clonal element was compared with, another, Thus. although sensitivity of
the uncloned population is dependent on environmental manipulation (pre,-
and/or post-incirlation Wash cycles), experiments wvith cloned populatfion'q
indicats that senstitivity is a function of the host cell (eag., B clone).
The interactiovi by different clonal types in a mixed population-are un-

kno,•n. ..d • .. - -- --.

knvn

C' - - - -"

(-C ,

- ~ A- - ,
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Figure 5. Growth'of Yect a rever Virus, Agibi Strain,
in 1hree 1ones ofReLa CU119.
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WV. DISCUSS MTO

Various tissue cultures have been Shown to have differing abilities to
support the growth o .aibi satrain yellow fever virus. The basic criterion
of auscoptibility was an increase in the concentration of virus in the super-
natant fluid of such cultures subsequent to inoculation, regardless of
magnitude. The results of dosa-rospotise and growth curves indicate that
cultures may also be classified in terms of sensitivity and capacity Aq
defined earlier.

A comparison of all susceptible tissue cultures tented showed that
varying degrees of interference were manifadt in these systems. In ad-
dition, Heta cells were {hown to have the greatest capacity for Asibi strain
virus nul1tiplicatton, but iicontrast, proved to be the least Rensitivo
(see pattern III) to' the virs. under test conditions.

The'virus growth in calls under pattern II differed from pattevn I in
that the former rbiresents classic auto-interference, while the latter
dose-response eurvý tppears associate4 with either of 4wo possibilities,
both of whiehýWwere based on titers contained in serial °Numples of super-
natant f1uidi' (a) Coll 'populations less susCeptible to progeny (Heta cell
derived)- "amnto parent (seed)virus; or (b) the existence qf an irdtibitor 7-.
substance 5igcellular origin that retarded the infedtious.cycc.e The
low ineCulating dose of pat4ern I never resulted in the compifabIe.j.ak
titer levels 6f theý high d•se. .

n (HLa)ksUggested an interference skemwdiferent from_
the other two, The HeLa cells showed the greatest capacity tb sýtpport'_ - .
the growth of Asibi strain virus, but they were relativeiyinsensitive to " -
lowvmultipliaities, Thus, with NeLa-the exigtence of an interfering or "'-

inhibitOr substance upon virus infection appears highly probable. S'ngi-
tivity of HeLa to Asibi strain Oirua was shown to increase with dilutfonems
of the inoculum xod supernatant fluid by repeated washing up td7.two hours
post -inoculation, "

The results obtained in a survey of the sensitivity and capacity of
ubitreated (unwashed) HoLe cell clones indicated that if in intat foring or
inhibitor substance were responsible, it was alone-specific. Each clone
inoculated showed different seanitivities based on the time require.4 for
detection of virus multiplication. The capacity, however, to propagate
Asibi strain virus of all clones tested waa toriparahle, Since-clone B
coels showed a marked sensitivity tu Asibi strain virug and the cello of
either clone A oriT did not, and since these clones roprosent at least
three of the olemnts that comprise the total HeLa call population, it
is reasonable to believe that the varied dose-response sensitivity
(102 vs 104) observed with the parent HeLa cell population wan due for
the tiost part to the cellular components of the HoLe population, and less
to viral effects of the inoculum.
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